Abstract. Competitive divalent (magnesium and calcium) or monovalent (potassium, lithium and sodium) ion exchange and its influence on a membrane potential formation was studied at biological ligands (BL) such as adenosine triphosphate (ATP), asparagine (Asn) and glutamine (Gln) sites. The sites are dispersed electrochemically in membranes made of the conducting polymers (CPs) -poly(N-methylpyrrole) (PMPy) and poly(pyrrole) (PPy). The membranes are made sensitive to calcium and magnesium or to potassium, sodium and lithium by optimized electrodeposition and soaking procedures supported by the study of membrane topography and morphology. Distinctively different electrochemical responses, i.e. electrical potential transients or currents, are observed in the case of "antagonistic" calcium and magnesium or potassium and sodium/lithium ion pairs. Dissimilarity in the responses is ascribed to a difference between on site vs. bulk concentrations of ions, and is dictated by different transport properties of the ions, as shown by using the Nernst-Planck-Poisson (NPP) model and the diffusion-layer model (DLM). The method described allows inspecting potentialdependent competitive ion-exchange processes at the biologically active sites. It is suggested that this approach could be used as an auxiliary tool in study of potential dependent block in realistic membrane channels, such as Mg block in the N-methyl D-aspartate receptor channel (NMDA).
Membrane potential is rudimentary in biological life and sensor technology. Recently, we proposed taking advantage of processes common for those areas which lead to membrane potential formation [1] [2] [3] [4] . Namely, this approach employed the redistribution of ions in the vicinity of the membrane and coupled dynamic potential change. From the biological point of view, we are interested in the mechanism of voltage-dependent channel block and related ionic antagonism, such as divalent calciummagnesium ion competition in the case of NMDA [4] [5] [6] [7] , or monovalent ion effects such as potassiumsodium/lithium/TEA in the case of potassium and sodium channels [8] . From the electrochemical perspective it means that we are concerned with the time-dependent, characteristics and those resulting from a competitive ion-exchange of ion-selective sensors such as magnesium [9] or any other ionselective electrode [10, 11] .
Our deliberate biomimetic concept allows for studying of a competitive ("antagonistic") ion exchange and its coupling to membrane potential formation on biologically active sites. The novelty is in using conductive polymers as the membranes in which the sites are dispersed.
In this report, recent results on calciummagnesium antagonism, and for the first time, the data on potassium-lithium/sodium are shown.
Experimental Reagents
Pyrrole, N-methylpyrrole (Merck) was purified by double distillation under argon and then stored under argon at low temperature and protected from light. The L-asparagine, L-glutamine, adenosine 5′-triphosphate sodium salts were obtained from Fluka. The other reagents were also purchased from Fluka. All the chemicals used were of analytical grade. Doubly distilled and freshly deionized ELGA water (resistivity 18.2 MΩ cm) was used throughout the work.
Apparatus
The potentiostatic synthesis of polymer films on GC and ITO electrodes was carried out using an Autolab general Purpose System (AUT20.Fra2-Autolab, Eco Chemie, B.V., Utrecht, The Netherlands) connected to a conventional, three-electrode cell. The working electrode was a glassy carbon (GC) disk with an area of 0.07 cm 2 or conducting glass pieces with an area of about 1 cm 2 (ITO, Lohja Electronics, Lohja, Finland, used for the EDAX, XPS and LA-ICP-MS experiments). The reference electrode was an Ag/AgCl/3M KCl electrode connected to the cell via a bridge filled with supporting electrolyte solution, and a glassy carbon (GC) rod was used as the auxiliary electrode. The solutions used for polymerization contained 0.1 M monomer of polymer and an electrolyte that provided the doping ion. Electropolymerization was performed in solutions saturated with argon at room temperature.
The chrono-amperometric measurements were carried out also using an Autolab general Purpose System (AUT20.Fra2-Autolab. Eco Chemie. B.V.) connected to a conventional, three-electrode cell where a glassy carbon electrode prepared with PMPy-ATP-Na polymer was used as the working electrode, and as the reference electrode -an Ag/ AgCl/3M KCl electrode, and the auxiliary electrode -a glassy carbon electrode.
The potentiometric measurements were made with a homemade multi-channel set-up. The reference electrode was an Ag/AgCl/3M KCl electrode. All experiments were performed at room temperature.
The elemental analysis of the polypyrrole films was performed using X-ray photoelectron spectroscopy (XPS). The XPS analysis was performed with a Physical Electronics Quantum 2000 XPSspectrometer equipped with a monochromatized Al-X-ray source to assess qualitatively the influence of soaking on the composition of these films. The size of the analyzed area was 100 μm in diameter and the analysis depth was about 2-5 nm depending on the investigated element.
The Energy Dispersive Analysis of X-ray (EDAX) measurements were performed using a Scanning Electron Microscope, SEM model LEO 1530 from LEO Electron Microscopy Ltd, which was connected to an Image and X-ray analysis systemmodel Vantage from ThermoNoran.
The LA-ICP-MS measurements were performed using a model 6100 Elan DRC Plus of ICP-MS from Perkin Elmer SCIEX (Waltham, USA) and UP-213 of Laser Ablation from "New wave Research" Merchantek Products (Fremont, USA). The LA-ICP-MS measurements for the PMPy-ATP sample were investigated by vaporization in laser plasma with a spot size of 15 μm and a scan speed of 10 μm per second. The repetition rate was 10 Hz and output 40% in every case during the measurement.
Procedures of CP-BL-Me electrode preparation
Poly(N-methylpyrrole) and poly(pyrrole) deposition The electrodeposition of the poly(N-methylpyrrole) and poly(pyrrole) films was carried out potentiostatically from a solution that contained 0.1 M ATP as dopant and 0.1 M N-methylpyrrole or pyrrole. Potentiostatic growth was achieved by holding a potential at + 0.8 V vs Ag/AgCl/3M KCl for different times in order to obtain different amounts of charge density (510-750 mC cm -2 ).
The potentiostatic method was also used to grow poly(pyrrole) films doped with amino acids. PPyAsn(Gln) films were grown on the working electrode at a potential of +1.0 V vs Ag/AgCl/3M KCl and charge density of 240 mC cm -5 M and with a close-to-Nernstian slope was observed for the CP-BL films after 1 week of soaking. Only conditioning in the alkaline solution of main ions was effective. The cation complexes with BL were formed after PPy-BL film deprotonation in alkaline solutions (protons were substituted with other cations) [1, 2] .
Results and discussion
The results described below reflect a methodological pattern used to explore the biomimetic properties of CP-BL membranes and the mechanism of their membrane potential formation. In the first stage, the films were electrosynthesized and doped with respective biological ligands. Next, a potentiometric sensitivity for the main ion of interest was induced. After this, the influence of other ions, i.e. the selectivity of interest was studied.
Only properly behaving membranes, characterized with a time-independent response for both the main and other than main ions, were used in the studies of a dynamic (time-dependent) response for changes to the electrochemical membrane potential driving forces, i.e. changes in bulk ion concentrations in the bathing solutions and influence of the external electric potential [1] [2] [3] [4] .
Potentiometric response of CP-BL membranes
The potentiometric response of all membranes was studied in a solution of chloride salt of main ions in the concentration range from 10 -6 M to 10 -1 M. The first calibration was performed before conditioning and then after a different time of soaking. Exemplary calibration and dynamic response curves are shown in figure 1: for a membrane sensitive towards monovalent potassium cation PMPy-ATP-K ( figure 1A ) and a membrane sensitive to divalent magnesium ion PMPy-ATP-Mg (figure 1B). Figure 1 illustrates a need for conditioning of the films to achieve a close-to-Nernstian potentiometric response, B. PACZOSA-BATOR, ET AL. activities. It is shown that, after one week of conditioning in the alkaline solution of the main ion, both potentiometric sensitivity and a short potential response time (less than 10 s) were obtained. This applies to all the membranes studied.
Potentiometric selectivity of CP-BL membranes
After inducing a proper sensitivity, the selectivity of the films to other ions was studied by a separate solution method (SSM) [12] . This method allows determining a potentiometric selectivity coefficient (K pot X;Me ) which is a quantitative measure of the ability of the ion-sensitive film to discriminate the main ion from the other ions. The coefficient is dictated by the thermodynamic properties of ions in the phases submitted for ion exchange and should correlate with a corresponding ion-exchange equilibrium constant at the solution-membrane interface [11] .
The values of the potentiometric selectivity coefficients obtained were in excellent agreement with the stability constants of BL complexes with ions, as shown in figure 2 for two chosen membranes, PMPy-ATP-Na and PMPy-ATP-Mg. The potentiometric selectivity coefficients follow the same sequence as the stability constants of ATP complexes with cations.
As expected, in the case of membranes sensitive towards monovalent cations, strong interferences of divalent cations were observed. By subsequently soaking the CP-BL-Na(Li)(K) films in the solution of Ca 2+ , or Mg 2+ , forming a stronger complex with BL, it was possible to obtain calcium-or magnesiumsensitive films by competitive ion exchange.
The calcium-and magnesium-sensitive CP-BL films were insensitive towards sodium, potassium or lithium. Importantly, the selectivity coefficient values for the membranes sensitive to divalent metal ions and monovalent ions were close to K pot X;Me = 1. This manifestation of similar thermodynamic properties of ions (in the groups) studied, makes any dissimilarity of the response attributable to the kinetic properties of these ions in the membrane systems studied.
Chemical analysis of CP-BL membranes
The elemental analysis of poly(N-methylpyrrole) and polypyrrole films was performed using three different methods, X-ray photoelectron spectroscopy for membranes doped with amino acids, energy dispersive analysis of X-ray for CP-ATP films sensitive to divalent ions, and laser ablation inductively coupled plasma mass spectrometry for CP-ATP films sensitive to monovalent ions. For the chemical and morphological analysis, two kinds of samples were prepared, namely: CP-BL without soaking and CP-BL after 2 weeks' soaking in the solution of main ions.
The presence of the phosphorus signal in the case of PPy-ATP and PMPy-ATP films in the EDAX and LA-ICP-MS spectra, as shown in figure 3 and 4, proves that counter-ions dope the films formed during electrodeposition.
The EDAX analysis of PPy-ATP films showed that, after the conditioning process, calcium or magnesium peaks had also appeared on the spectrum. The LA-ICP-MS measurements for the PMPy-ATP sample sensitive to monovalent ions proved that, after the conditioning process, ions that were present in the solution also appeared in the membranes.
Changing the composition of the conditioning solution from sodium to lithium (or potassium) gave membranes sensitive to these ions and the signal from the new ions appeared on the spectrum as shown in figure 3 . Depending on the composition of the solution used during conditioning CP-ATP membranes, different potentiometric sensitivity was observed. After conditioning in alkaline lithium solution, the potentiometric sensitivity to these ions had been induced and the LA-ICP-MS spectrum showed a signal from Li (which was not observed before the conditioning process) as presented in figure 3A . The same behaviour was observed for calcium, magnesium and potassium ions. The chemical composition of the PPy-Asn(Gln) films was investigated by XPS. Figure 3B (curve i) shows on overview spectrum of a freshly deposited PPy-Asn sample on which the following peaks were observed at the given binding energies: O1s at 532.8 eV, N1s at 400 eV and C1s at 284.8 eV. The peaks in the region of 88.8 eV binding energy, as shown in figure 3B (curve ii), are identified as an Mg2s signal, which was observed only after conditioning in alkaline magnesium solution. Similarly, the XPS analysis taken after soaking of the PPy-Asn(Gln) films in an alkaline calcium solution proved to peak Ca2p3 at 347.2 eV (figure 3B, curve iii).
In the case of sodium-sensitive membranes, the signal from Na was observed after soaking with EDAX, providing good evidence for introducing sodium to the membrane during soaking, as shown in figure 4 .
The chemical analysis provides the evidence that the sensitivity for a particular ion is always associated with the presence of this ion in the membrane.
Ion competition during open-circuit response
In spite of similar sensitivity and selectivity of both groups of polymer films (namely CP-BL-Ca(Mg) or CP-BL-K(Li)(Na)) towards divalent (calcium and magnesium) ions or monovalent (sodium, potassium and lithium) ions, the transitory potential provoked by the changes in bulk concentrations of these groups of ions was strikingly different.
The representative plots for the measurements made for monovalent ion-sensitive membranes are B. PACZOSA-BATOR, ET AL. shown in figure 5A -C, and the membranes sensitive towards divalent ions are shown in figure 5D . As can be seen from figure 5, potential-time (E-t) response strongly depends on the kind of ion that was involved in the competitive ion-exchange equilibration process. Lithium ion-exchange with sodium-rich CP-ATP-Na membranes results in a monotonic response (figure 5A), while if potassium ions are engaged in the ion exchange, instead of lithium, a non-monotonic (overshoot-type) response is observed ( figure 5B) . If a sodium-rich membrane is converted to a potassium-rich one, then both the lithium and sodium responses, as expected, are monotonic ( figure 5C ). A similar pattern in observed for the CP-ATP-Mg membrane ( figure  5D ). Changes in bulk concentrations of magnesium ion are always associated with monotonic potential changes, while changes in the concentration of calcium are associated with overshoot-type responses. These characteristic differences between potassium, sodium and lithium, as well as magnesium and calcium can be called "ionic antagonism". Interestingly, and most probably not coincidentally, the same pairs of ions, i.e. Ca indeed considered as antagonistic in real biological membrane systems, and specialized voltage and/or ligand-gated ion channels engage these ions, e.g.
NMDA.
As stated above, when discussing the selectivity of the membranes used in our study, thermodynamically, the differences do not allow prediction of a striking difference in membrane responses. However, this fact lends credence to kinetic aspects in signal formation. A different rate in the transport of ions to (the source of ion exchange) the interface of the solution and membrane could be a primary source of the "antagonism" observed [4] . The hypothesis is that faster ions, (Ca and K characterized by the mobility 6. 17 Figure 6 clearly shows the limited value of our approach when confronted with realistic biological cell membranes, which contain a lipid environment and complicated 3D protein-channel structures. Undoubtedly, our CP membrane serves only one aspect of many relevant to real potential gated channels. It allows addressing and controlling electrical potential on the site, and observing resulting ion redistributions and fluxes.
Ion competition during amperometric response
As shown in figure 5 , the changes in bulk concentration of ions result in characteristic changes of potential vs. time, and are attributed, as shown in figure 6 , to local redistributions of ions in the vicinity of the membrane-solution interface. It is of great interest to convert the problem and ask whether one could observe any manifestation of this process in an experiment where the membrane redistribution is provoked by an external electric potential impulse. In this respect, in the absence of a method for direct visualization of the ionic concentration changes in the vicinity of a membrane interface, a chrono-amperometric method was used. In this method, the external potential (+ 5/-5 and + 10/-10 mV from the open-circuit potential) is applied to provoke ion fluxes to and from the membrane, and the fluxes are characterized by (ionic) current over time. It would be expected that faster ions (potassium or calcium), in response to the potential applied, would produce currents that come to a base-line faster than ions of lower mobility (sodium/lithium or magnesium) do. The current response of the PMPy-ATP-Na electrode with time was measured in solutions of chloride salts of sodium, lithium and potassium with concentrations B. PACZOSA-BATOR, ET AL. In figure 7 , the current-time (I-t) responses for a sodium sensitive PMPy-ATP membrane are shown. The plots indeed prove the interrelation between the size of ions (resp. mobility of ions) and the I-t signal measured. For the faster potassium ion (resp. calcium ion), after bigger initial cathodic or anodic current values, a fast current drop was observed, while for slower sodium and lithium (resp. magnesium) ions, the initial currents were smaller and followed by a slower drop in current. This amperometric behaviour can be attributed to different mobility "antagonistic" ions. It can be concluded that both in the open circuit and under potential, the electrochemical behaviour of the biomimetic membrane is dictated by different transport numbers of the ions. The kinetic difference is thus a prerequisite of the "ionic antagonism".
Theoretical interpretation and implications
The change in membrane potential over time provoked by bulk concentration changes is attributed to local redistributions of ions at the membranesolution interface and transport to and from this interface. If the membrane potential is changed by an external source, resulting ionic fluxes could be observed and the ionic currents depend on the physicochemical properties of the ions engaged. These observations allow the development of a general interpretation of E-t and I-t for this biomimetic system using the Nernst-Planck-Poisson model (NPP) [11, 14, 15] or a simpler diffusion-layer model (DLM) [2, 4, 11, 16] ). Both these theoretical models support a fundamental idea of the biomimetic membrane concept presented and show that, when a biologically active site is allowed for a competitive ion-exchange, the extent of the competition is regulated by the electric potential "applied" to this site and the transport of ions to and from the site. Different E-t and I-t patterns have to be observed for faster ions in comparison to slower, which is known as "ionic antagonism". Here is a key for applying our biomimetic approach for responses that follow electric potential incoming to the site (e.g. as excitation potential) and to observe ionic distributions on the sites accumulated in 3D (i.e. three dimensional) structures, e.g. nanotubes or 3D architectures in a form of artificial channels, and/or on 2D nanofilms. Our study shows that a local e.g. magnesium ion concentration increase is be expected when positive vs. equilibrium (rest) potential is applied. In other words, it means that magnesium ions leave the coordinating B. PACZOSA-BATOR, ET AL. sites and the smaller calcium ion is admitted. This is exactly what happens at the neck of a magnesium blocked NMDA channel where this ion is attracted by Asn and Gln. When excited by action potential, the channel gets unblocked and allows the faster calcium ions to pass through [5, 17] . Obviously, a deficiency of magnesium in external compartments can facilitate calcium influx and modulation of intracellular calcium concentration. Interestingly, this mechanism and the magnesium-calcium antagonism in relation to the NMDA receptor channel were recently considered as one possible reason for inflammatory responses and the metabolic syndrome [18, 19] . The importance of the effects of Ca
2+
, Mg 2+ , ATP and other phosphorylated species on cardiac action potentials was recently emphasized as well [20] . A similar case of a competitive ion mechanism could be in the interaction of the exogenous lithium ion with negatively-charged inositol phospholipids, which is considered to be relevant in the treatment of bipolar disorders [21, 22] .
As presented here, potential-dependent local concentration redistribution of ions at the membrane binding sites undoubtedly adds a new dimension in the interpretation of the above effects.We address these issues in our present research.
Conclusion
The biomimetic membrane methodology allows visualization and inspection of competitive and voltagedependent ion exchange on biologically active sites. By using selected biological membranes and their channels (e.g. ATP, Asn, Gln), relevant to real ionic sites, it is possible to access the ionic redistribution in the sites in function of the bulk concentration of ions, external potential and time. In other words, the concept presented provides a tool to study the role of ions and the influence of ion supplementation, ion deficiencies and ion antagonism on membrane potential. It is, as well, a tool for investigating the nature of bias between voltage effects (long-term potentiation (LTP), cardiac arrhythmias, lowfrequency signals in brain) on local (at/on site) ionic or transmembrane redistributions.
